Metastable vortex states in YBa<SUB>2</SUB>Cu<SUB>3</SUB>O<SUB>7-δ</SUB> crystal by Radzyner, Y. et al.
PHYSICAL REVIEW B 1 JUNE 2000-IVOLUME 61, NUMBER 21Metastable vortex states in YBa2Cu3O7Àd crystal
Y. Radzyner
Department of Physics, Institute of Superconductivity, Bar-Ilan University, 52900 Ramat-Gan, Israel
S. B. Roy
Department of Physics, Institute of Superconductivity, Bar-Ilan University, 52900 Ramat-Gan, Israel
and Low Temperature Physics Group, Centre for Advanced Technology, 452013 Indore, India
D. Giller
Department of Physics, Institute of Superconductivity, Bar-Ilan University, 52900 Ramat-Gan, Israel
Y. Wolfus
Department of Physics, Institute of Superconductivity, Bar-Ilan University, 52900 Ramat-Gan, Israel
A. Shaulov
Department of Physics, Institute of Superconductivity, Bar-Ilan University, 52900 Ramat-Gan, Israel
P. Chaddah
Low Temperature Physics Group, Centre for Advanced Technology, 452013 Indore, India
Y. Yeshurun
Department of Physics, Institute of Superconductivity, Bar-Ilan University, 52900 Ramat-Gan, Israel
~Received 10 January 2000!
Magnetization measurements in an untwinned YBa2Cu3O72d crystal reveal a range of temperatures and
fields for which the magnetization exhibits unusual history-dependent behavior. This range envelopes the
transition line, Bss(T), separating between the vortex quasiordered and disordered phases. The observed
history effects indicate that a disordered ~quasiordered! vortex state can exist as a metastable state below
~above! the Bss(T) line. The fields, defining the phase transition and the borders of the metastability region, are
correlated to sharp features in the magnetization loop.The field-temperature (B-T) phase diagram of the vortex
matter in superconductors is a subject of extensive research.
Recent experimental1–8 and theoretical9–13 studies have indi-
cated the existence of two distinct vortex solid phases: A
quasiordered phase ~Bragg glass! at low fields and a highly
disordered, entangled, phase ~vortex glass! at high fields. A
transition between these two vortex solid phases, associated
with the second magnetization peak ~‘‘fishtail’’!, has
been observed in Bi2Sr2CaCu2O81d ~BSCCO!,4
Nd1.85Ce0.15CuO42d ,6 untwinned YBa2Cu3O72d
~YBCO!,7,8,14 and low-Tc superconductors such as CeRu2
~Ref. 15! and 2H-NbSe2.16 The relatively broad second peak,
measured in untwinned YBCO, exhibits a sharp onset at
Bonset and a sharp change of slope at Bkink .8,17 These two
features occur at different fields on the ascending and de-
scending branches of the magnetization loop, resulting in
four different characteristic fields: Bonset
1
,Bonset
2
,Bkink
1
, and
Bkink
2
. The significance of these four fields has not yet been
clarified. In this paper we correlate these characteristic fields
to the vortex solid-solid transition field, Bss , and to the lim-
its of metastability of the vortex state on ascending and de-
scending fields.
The existence of metastable vortex states, in the region of
the fishtail, was reported for low-Tc materials, such as
CeRu2,18 2H-NbSe2,16,19 Nb,20 and Nb3Ge films.21 DirectPRB 610163-1829/2000/61~21!/14362~4!/$15.00observation of metastable vortex states, utilizing magneto-
optical imaging techniques, has recently been reported for
BSCCO.22 Similar magneto-optical measurements in YBCO
are impossible at present, because of the relatively large tran-
sition field ~order of Tesla, well above the saturation field of
iron-garnet indicators23!. By employing a Hall array for local
magnetization measurements we demonstrate the existence
of metastable vortex states in YBCO, and identify the limits
of the region of metastability. This is achieved by comparing
magnetization curves, measured after various cooling or
heating protocols, with the ‘‘complete’’ loop ~isothermal
M -H envelope curve! measured after a conventional zero-
field-cooling process. We identify a strip in the field-
temperature phase diagram, for which—contrary to the ex-
pectations from the Bean model24—the magnetization is
history dependent even after several, relatively large, field
steps. This strip, bounded by Bonset
2 from below and by Bkink
1
from above, is identified as a vortex metastability region.
The 0.530.330.02 mm3 untwinned YBCO crystal25
(Tc>93 K) used in Ref. 8, was in direct contact with an
array of 10310 m m2 Hall sensors ~sensitivity better than
0.1 G!. The results reported in this paper utilize two sensors,
one close to the sample’s center and another just outside the
sample.
The inset to Fig. 1 exhibits a typical hysteresis loop, mea-
sured at T555 K after zero-field cooling the sample from14 362 ©2000 The American Physical Society
PRB 61 14 363BRIEF REPORTSabove Tc . The external magnetic field is varied from 260 to
60 kOe in steps of 500 Oe. The four characteristic fields:
Bonset
1
, Bonset
2
, Bkink
1
, and Bkink
2 are marked by arrows. The
temperature dependence of these fields is plotted in Fig. 1.
The nonmonotonic behavior of these curves is consistent
with previous reports for untwinned YBCO.8,14,17. Note that
Bonset
1 and Bkink
1 are larger than Bonset
2 and Bkink
2
, respectively.
The shaded area between the two extreme lines, Bonset
2 and
Bkink
1
, plays a major role in the discussion below. For the
purpose of clarity, all other lines in the phase diagram ~irre-
versibility line, melting line, etc.! are eliminated from the
figure; See Ref. 8 for the full phase diagram. In contrast with
the phase diagram of NCCO ~Ref. 6! and BSCCO,4 the solid-
solid transition region in YBCO is flat around 50 K and
ascends towards both high temperatures7,8,14,17 and low tem-
peratures. The increase toward high temperature, may be at-
tributed to the weakening of the pinning energy, resulting
from the increase of thermal fluctuations, which occurs when
the depinning temperature is crossed.8 An increase towards
low temperatures was observed in NCCO,28 and was attrib-
uted to Bean-Livingston barriers.
At this point of our discussion it is not yet clear which one
of the four characteristic fields plotted in Fig. 1 marks the
vortex solid-solid transition line. However, it is clear that
below the shaded area the vortex phase is quasiordered, and
above this area the vortex phase is disordered. The purpose
of the experiments described below is to identify the vortex
state in the shaded area of Fig. 1.
The first experiment presented follows a ‘‘step-down’’
~SD! field-cooling protocol, depicted by a solid line and
capital numerals in Fig. 1. The experiment consists of the
following steps: ~I! The sample is cooled from above Tc to
50 K in the presence of an external field of 40 kOe. ~II! At 50
K the field is lowered to H target512 kOe in steps of 500 Oe.
~III! At H5H target the temperature is lowered to 25 K. This
FIG. 1. Magnetic phase diagram for the YBa2Cu3O72d crystal
showing four lines: Bonset
2 ~squares!, Bkink
1 ~down triangles!, Bkink
2 ~up
triangles!, Bonset
1 ~circles!, lines are guides to eye. The shaded area
between Bonset
2 and Bkink
1 is identified as the region of metastability.
Arrows with capital roman numerals track step-down ~SD! proce-
dure. Arrows and small roman numerals follow step-up ~SU! pro-
cedure. Inset: magnetization loop at T555 K, with arrows pointing
to relevant features.point, which is located within the shaded area, is the starting
point for the magnetization measurements. The purpose of
the previous three steps is to emulate a field cooling process
while circumventing the high-temperature peak of the shaded
area. At 25 K the magnetization is measured while the field
is either decreased to 0 or increased to 60 kOe, in steps of
500 Oe.
The results of this experiment are presented on the left-
hand side of Fig. 2. Evidently, the measured magnetization
exhibits a significant overshoot compared to the complete
loop, in both descending ~open squares! and ascending ~open
circles! branches. Note that on the ascending branch the mea-
sured magnetization merges with the complete loop at Bkink
1
,
while on the descending branch this convergence occurs
around Bonset
2
.
We repeated the same SD procedure with H target55 and
20 kOe, producing starting points of the measurements be-
low and above the shaded area, respectively. The results,
presented on the right-hand side of Fig. 2, show overlap of
the measured magnetization with the complete hysteresis
loop after the field is changed by 2H* at most, as expected
from the Bean model.24 ~The depth of the induction profile
H* is in the range of 500 Oe in our experiment!.
In a second set of experiments, referred to as ‘‘step-up’’
~SU! protocol, we arrive at the starting point of the magne-
tization measurement by a different route, depicted in Fig. 1
by solid lines and small numerals. This procedure consists of
the following steps: ~i! The sample is cooled in zero field to
15 K. ~ii! At 15 K the field is raised to H target516.5 kOe in
steps of 500 Oe. ~iii! The temperature is then raised to 25 K
at H5H target . This is the starting point of the measurement,
which is again located within the shaded area. At 25 K the
magnetization is measured while the field is increased to 30
kOe, in steps of 500 Oe.
The results of this experiment are presented on the left-
hand side of Fig. 3 ~solid circles!. In this case, the measured
magnetization exhibits an undershoot compared to the com-
plete loop. Note that the magnetization curve merges with
the ascending branch of the complete loop at Bkink
1
, as in the
previous case.
FIG. 2. Left: Complete loop at 25 K ~solid line! and magnetiza-
tion data following SD procedure with H target512 kOe: Decreasing
field ~open squares! and increasing field ~open circles!. Right: Same
measurement with H target520 kOe ~a! and H target55 kOe ~b!.
Starting point is encircled, arrows point in direction of change in
field.
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520 kOe, producing a starting point of the measurements
above the shaded area. The results, presented on the left-
hand side of Fig. 3 ~open squares for descending field, open
triangles for ascending field!, show overlap of the measured
magnetization with the complete hysteresis loop after the
field is changed by 2H* at most.24
The third set of experiments is that of partial ~or ‘‘mi-
nor’’! hysteresis loops.15,26 In these experiments the ascent of
the field is terminated at a field smaller than the maximum
field of the complete loop. Figure 3 ~right-hand side! de-
scribes results of partial loop measurements at 25 K with
maximum fields of 15 kOe ~open circles! and 16.5 kOe ~solid
circles!. In both measurements, the point where the field be-
gins its descent is again located within the shaded area. The
results show an overlap of the ascending branches, as ex-
pected. However, a significant undershoot of the descending
branches of the partial loops, as compared to the complete
loop, is observed. Note that, as in the first experiment ~Fig.
2!, the descending branches of the partial loops merge with
the descending branch of the complete loop around Bonset
2
.
This observation is consistent with that reported in Ref. 26.
The partial loop experiment was repeated with maximum
field of 20 kOe ~Fig. 3, right!. In this measurement the field
begins its descent at a point located above the shaded area of
the phase diagram. The results show overlap of the descend-
ing branch of the measured partial loop with the complete
hysteresis loop after the field is changed by 2H* at most.24
All experiments described above indicate that the starting
point of the measurement plays a critical role. In the first and
second sets of experiments the starting point, where the mag-
netization measurements begin, is the end point of the SU
and SD protocols. In the partial loop measurements the start-
ing point is the point where the field begins its descent. The
results of all these experiments can be summarized as fol-
lows: ~a! If the starting point of the measurement is inside
the shaded area of Fig. 1, the measured magnetization does
not overlap with the complete loop, despite having changed
the field by more than 2H*. ~b! The magnetization over-
shoots the complete loop if the starting point is reached via
the disordered state ~i.e., from above the shaded area!. It
FIG. 3. Left: Complete loop at 25 K ~solid line! and magnetiza-
tion data following SU procedure with H target516.5 kOe ~solid
circles!, H target520 kOe ~open squares for descending fields, open
triangles for increasing field!. Right: Partial hysteresis loops ~PHL!
at 25 K, corresponding to a maximum field of 16.5 kOe ~solid
circles!, 15 kOe ~open circles!, and 19.5 kOe ~open squares!.undershoots, if the starting point is arrived at from the qua-
siordered state ~below the shaded area!. ~c! In all experi-
ments, regardless of the history of the travel to the starting
point, the curves merge with the complete loop at Bkink
1 for
ascending fields and at Bonset
2 for descending fields. ~d! If the
starting point of the measurement is outside the metastability
region, the magnetization overlaps with the complete loop,
within the mandatory 2H*.24 It is clear that history depen-
dence is not an inherent property of either phase but of the
phase transition itself, in contrast to Ref. 26.
In the following we argue that the above results indicate
that in the shaded area of the B-T phase diagram ~Fig. 1!,
disordered or quasiordered states can exist as metastable
states. In the first experiment, while cooling the sample from
50 to 25 K, we actually ‘‘freeze’’ the disordered phase at 50
K and ‘‘drag’’ ~or ‘‘supercool’’! it into the region where it
can exist as a metastable state. This is manifested by the
overshoot of the SD curves ~Fig. 2!, signifying a higher per-
sistent current that characterizes the disordered phase. The
inductions Bkink
1 and Bonset
2
, where the SD curve and the com-
plete loop merge, indicate the limits of the metastability
zone.
One can explain the results of the second set of experi-
ments in a similar manner. While heating the sample from 15
to 25 K at a constant field of 16.5 kOe, the quasiordered state
produced at 15 K is dragged ~or superheated! into a region
where it can exist as a metastable quasiordered state. This is
manifested by the undershoot of the SU curve ~Fig. 3, left!,
signifying a lower persistent current that characterizes the
quasiordered phase. As expected, the SU curve merges with
the complete loop at the upper limit of the metastability re-
gion, namely at Bkink
1
, as in previous experiments.
The results of the third set of experiments, namely the
partial hysteresis loops ~Fig. 3, right!, are interpreted in a
consistent way: the descending branch of the complete loop
retains the disorder produced at very high fields, well above
Bkink
1
. The descending branch of the partial loop retains the
disorder produced before the field culminates. As is evident
from the right-hand side of Fig. 3, the disorder retained by
the complete loop is larger than that of the partial loop. Here,
again, the partial loop converges with the full loop at Bonset
2
,
which is the lower limit of the metastability region.
On the basis of the above interpretation we conclude that
the Bkink
1 (T) and Bonset2 (T) lines determine the borders of the
region where metastable states may exist. The quasiordered
phase may exist as a metastable phase in the range Bss,H
,Bkink
1
. The disordered phase may exist as a metastable
phase in the range Bonset
2 ,H,Bss . In the following we ex-
plain the significance of the other two lines, which appear in
the phase diagram, namely Bonset
1 (T) and Bkink2 (T).
Recent experiments in BSCCO ~Ref. 22! revealed that an
abrupt change in the external field causes the injection of a
transient disordered vortex state into the sample. This can be
ascribed, for example, to surface imperfections and/or sur-
face barriers, which impede ‘‘smooth’’ entrance of the in-
jected fluxons, as demonstrated by Paltiel et al. in NbSe2.27
When the thermodynamic conditions dictate a quasiordered
state, the injected transient disordered state relaxes into a
quasiordered state at a rate decreasing to zero as the induc-
tion approaches Bss . Our procedures involve steps of 500 Oe
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sient disordered state can be expected after each step. Below
Bonset
1 there is no change in the persistent current, implying
that the lifetime of this transient state is much smaller than
our time window and therefore a quasiordered state is mea-
sured. However, as Bonset
1 is approached, the lifetime of the
transient disordered state is comparable to the time window
of the measurement and therefore a larger persistent current
is measured, indicating the existence of a disordered state.
Reaching the higher limit for metastability, Bkink
1
, the disor-
dered phase becomes the stable, thermodynamic phase.
The remaining feature, Bkink
2
, cannot be associated with
the lifetime of the transient disordered state. This is because
above the metastability region the thermodynamics dictate a
disordered state, so that the phase introduced by the change
of field does not alter the phase already existing in the
sample. Thus, it is natural to associate Bkink
2 with the thermo-
dynamic transition field, Bss . After crossing this transition
line, vortex matter gradually becomes ordered and the mag-netization smaller, until Bonset
2 is crossed and the matter be-
comes completely ordered.
In conclusion, we have shown the existence of a region in
the B-T phase diagram of YBCO, where the vortex matter
can persist in a metastable state. The limits of this region are
Bonset
2 (T) and Bkink1 (T). The vortex solid-solid transition line
is identified as Bkink
2 (T). The field Bonset1 (T) is associated
with a transient disordered vortex state generated by a step in
the external field. The existence of the metastability region
indicates that the vortex solid-solid transition may be a first-
order transition.
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